P erioperative monitoring of cardiac output (CO) allows early recognition of occult hemodynamic abnormalities and can guide resuscitation, aiming to reduce morbidity and mortality in high-risk surgical patients (1, 2) . In clinical practice, physicians appear unable to estimate CO accurately using physical examination or standard monitoring methods (3, 4) . Consequently, the introduction of a simple, accurate, minimally invasive continuous CO monitoring technique would be a valuable addition in the management of patients.
Several methods for CO measurement are clinically available, but all have drawbacks that limit their usefulness. Thermodilution is currently the most widely applied technique, but it requires pulmonary artery catheterization with known attendant risks (5, 6 ). An alternative approach to CO measurement has focused on analysis of the arterial blood pressure waveform (7, 8) , and initial results have been encouraging (8 -15) . Although arterial pulse contour analysis requires peripheral arterial catheterization, this widely used procedure has a low incidence of serious complications and is frequently used in patients who would benefit from CO monitoring.
In the current study, we evaluated a new CO monitor that provides a unique approach to pulse contour analysis. In order for the new method to be an acceptable CO measurement technique, it must track CO accurately for hours at a time, and it must not be unusually sensitive to the characteristics of the arterial pressure waveform or catheter-transducer systems. Hence, the primary objective of this study was to investigate the accuracy and drift of this continuous, pulse contour CO (PCO) monitoring technique over a 24-hr period by comparison with a standard indicator dilution method of CO measurement (16 -18) . The secondary objective was to determine the effect of the dynamic response characteristics of the arterial blood pressure monitoring system and of changes in systemic vascular resistance (SVR) on the accuracy of pulse contour measurements.
MATERIALS AND METHODS
After approval by the institutional review board, written informed consent was obtained from 22 patients undergoing cardiac (12 patients), vascular (five patients), urologic (four patients), or thoracic (1 patient) surgery who were scheduled for postoperative admission to the intensive care unit. Patients underwent central and peripheral intravenous and arterial catheterization as standard care for their operative procedures. All patients had direct arterial pressure measurement via a 20-gauge arterial catheter (21 radial and one femoral) connected to a 150-cm-long pressure tubing and pressure transducer (Baxter Healthcare). Seventeen patients underwent central venous catheterization of the right internal jugular vein with insertion of an 8.5-Fr introducer sheath and a 16-gauge central venous catheter. The remaining five patients had a 16-gauge peripheral intravenous catheter in the right or left forearm or antecubital fossa. After surgery, patients were brought to the surgical intensive care unit for continued care.
PCO Measurement. PCO monitoring was performed using a commercially available device (PulseCO, LiDCO, London, UK). This monitor has been developed in conjunction with the lithium dilution CO (LiCO) method to give a beat-to-beat estimate of stroke volume and CO derived from the arterial pressure waveform. Stroke volume is calculated using a proprietary algorithm using beat duration, ejection duration, mean arterial pressure, and the modulus and phase of the first waveform harmonic (8) . Similar to other pulse contour techniques, an initial calibration against another independent CO measurement technique is required. In the current study, we used LiCO for calibration.
PCO was averaged over 1 min during two separate minutes at each measurement time point. If the values differed by Ͼ10%, a third measurement over another minute was performed. The average of the two (or three) measurements was then used for data analysis. The PCO device was calibrated at baseline and every 8 hrs thereafter (i.e., at t ϭ 0, 8, 16, and 24 hrs), as recommended by the manufacturer, based on CO measured by lithium dilution.
LiCO Measurement. LiCO measurement is a commercially available CO measurement technique utilizing indicator dilution principles. The major elements are described briefly below, and complete details have been previously reported (16, 18) .
Lithium chloride (0.3 mmol [2 mL]) is used as the indicator, and a disposable lithium-selective electrode, positioned in the arterial pressure catheter tubing, serves as the sensor. For each LiCO measurement, a lithium bolus is given through a central or peripheral intravenous catheter, while a batterypowered roller pump draws arterial blood through the lithium sensor. A lithium concentration washout curve is recorded, from which the LiCO computer derives the CO. For each time point in the current study, two consecutive LiCO measurements were made, and if these differed by Ͼ10%, a third measurement was performed. The average of these two (or three) measurements was then used in the analysis.
Dynamic Response Characterization. A semisquare pressure waveform was produced by momentarily activating the flush system of the pressure transducer, and a computer printout was used to measure the dynamic response characteristics. Natural frequency, amplitude ratio, and damping coefficient were calculated according to the method described by Gardner (19) . The dynamic response of the arterial catheter system was then categorized as "good" if it fell within the minimum requirements as found by Gardner (19) ; otherwise, it was categorized as "poor."
Experimental Procedures. The study was started when the patients were hemodynamically stable, Ϸ2 hrs after completion of surgery, and was continued over the next 24 hrs. At 4, 8, 16 , and 24 hrs, both LiCO and PCO measurements were recorded for comparison. After recording the PCO values, the PCO device was recalibrated at t ϭ 8, 16, and 24 hrs based on the LiCO values. Before each measurement, the arterial pressure catheter and transducer were assessed subjectively by noting the ease of aspiration of 5 mL of blood, the ease of injection of 5 mL of saline, and the investigators' visual impression of the arterial waveform contour. All catheters were flushed and aspirated easily, and the waveform was optimized if necessary by extending the wrist and manipulating the catheter. The arterial pressure monitoring system was then assessed objectively using the "flush" test, as described above.
SVR was calculated at each measurement time point from the mean arterial pressure, central venous pressure, and LiCO using a standard formula. At each time point, the change in SVR was calculated as the difference in SVR from the previous time point.
Statistical Analysis. The mean values for LiCO and PCO were compared at 4, 8, 16, and 24 hrs. Using the method described by Bland and Altman (20) for assessing agree- Figure 1 . Regression analysis of cardiac output as measured by pulse contour cardiac output (PCO) and lithium dilution cardiac output (LiCO) in 21 patients. Each point represents the mean value of two or three readings, and data are aggregated from all measurement points across the 24-hr study period. were determined and used to summarize the level of agreement between methods. The percentage error at each measurement time point was calculated as the ratio between the limits of agreement (i.e., 2 SD of the bias) divided by the CO (calculated as the mean of both methods). The effect of time on bias was analyzed using a repeatedmeasures analysis of variance.
The relationship between CO measurement bias and the dynamic response characteristics of the arterial pressure monitoring system was analyzed using a Student's t-test for the categorical classification of dynamic response behavior ("good" vs. "poor") and using linear regression analysis for the continuous variables of natural frequency and damping coefficient. A regression analysis was also used to analyze the relationship between the changes in SVR and CO measurement bias. Data are presented as the mean Ϯ 1 SD unless specified otherwise. p Ͻ .05 was considered significant.
RESULTS
One patient was excluded from the study owing to a persistent postoperative arrhythmia that made PCO measurement impossible. The results for the remaining 21 patients are presented here. All patients were male; 15 were white, and six were African American. The patients' average age, height, and weight were 59 Ϯ 10 yrs, 176 Ϯ 8 cm, and 84 Ϯ 16 kg, respectively.
There was a considerable interpatient variability in heart rate (range, 49 -123 beats/min), mean arterial pressure (range, 43-117 mm Hg), and central venous pressure (range, 0 -18 mm Hg). All patients were studied during hemodynamically stable periods as indicated by the small changes in heart rate and mean arterial pressure during the measurement periods. Ninety seven percent of patients had a Ͻ15% change in heart rate, and 93% had a Ͻ15% change in mean arterial pressure.
A total of 83 paired measurements of LiCO and PCO were available for comparison, and all were included in the analysis. The PCO (mean, 5.98 L/min; range, 3.15-12.52 L/min) and LiCO (mean, 6.00 L/min; range, 3.45-10.47 L/min) were highly correlated (Pearson r 2 ϭ 0.88) (Fig. 1) . A comparison of PCO and LiCO at 4, 8, 16, and 24 hrs showed that the two techniques provided similar results during this interval (Table 1 ). The SD around the mean CO was slightly greater for PCO than for LiCO at each time point. BlandAltman plots comparing the PCO and LiCO methods at 4, 8, 16, and 24 hrs are shown in Figure 2 . The bias between PCO and LiCO was small (Ϫ0.005 Ϯ 0.82 L/min), and the limits of agreement were comparable at all time points (Table 1 ). Overall percentage error was 27% and ranged from 22% to 31% at individual time points.
Repeated-measures analysis showed no effect of time on the measurement bias (p ϭ .49).
Individual arterial pressure waveforms and the dynamic response of the arterial pressure monitoring systems were recorded at each measurement point. All arterial catheters were subjectively deemed to be working acceptably at the time of CO measurement. A wide variety of arterial waveform morphologies were recorded over the 24-hr measurement period (Fig. 3) . Mean natural frequency and damping coefficient of the arterial catheters were 13.6 (Ϯ 3.7) Hz and 0.28 (Ϯ 0.09), respectively. Although 68% of the catheter-transducer systems had "poor" dynamic response characteristics (Fig. 4) , this did not influence the level of agreement between PCO and LiCO measurement: "poor" dynamic response catheter monitoring systems shared the same bias for CO monitoring (0.03 Ϯ 0.79 L/min) as "good" monitoring systems (0.08 Ϯ 0.88 L/min) (p ϭ .82). Similarly, linear regression analysis showed no relationship between CO measurement bias and either the natural frequency of the monitoring system (p ϭ .2) or the damping coefficient (p ϭ .75).
Seventeen patients had a total of 64 measurements where central venous pressure data were available and SVR could be calculated. Although the mean change in SVR between successive measurements was small (Ϫ26.5 dyne/sec/ cm 5 ), the range was wide (Ϫ511 to 495 dyne/sec/cm 5 ). CO measurement bias was positively correlated with the change in SVR (r 2 ϭ .06, p ϭ .04; Fig. 5 ): the larger the increase in SVR between two consecutive time points, the more PCO tended to overestimate the LiCO values, and conversely, the larger the decrease in SVR, the more PCO underestimated LiCO.
DISCUSSION
PCO measurement showed good agreement with LiCO measurement over a 24-hr period in postoperative surgical patients. Analysis at each time point showed that the mean difference between LiCO and PCO was consistently Ͻ0.2 L/min. The limits of agreement were similar across the study period and within acceptable clinical limits of 30%, as reported by other investigators (21) . This new technology is minimally invasive, needing only radial artery and intravenous cannulation for CO measurement, and therefore has advantages when compared with more invasive methods such as pulmonary artery catheterization. The continuous measurement of CO allows detection of true real-time beat-to-beat changes in stroke volume and CO.
To our knowledge, the accuracy of the PCO algorithm used in this study has been previously evaluated only once in a clinical trial, with results similar to ours (8) . Several researchers have reported on the performance of other PCO measuring systems in various clinical situations (Table 2) (9 -15). These systems used the three-element Windkessel algorithm, based on a method described by Wesseling et al (7) . The arterial pressure wave was recorded in these studies from the aorta using a femoral arterial catheter, and calibration values were obtained by transpulmonary thermodilution. In general, these studies have confirmed that the theory behind pulse contour analysis is robust, and it can provide an acceptable method of continually measuring CO. It is not yet known if the different algorithm used in the current study provides a better and more reliable measurement of CO than those based on the threeelement Windkessel theory (7, 8) . It does have the clinical advantage of not requiring femoral artery catheterization.
All pulse contour technologies require calibration by a reference method for measuring CO, which itself may increase the risk to the patient and reduce the perceived benefits of pulse contour analysis. The PCO device reported herein uses the lithium indicator dilution method for calibration. Although traditionally CO has been measured using the pulmonary thermodilution technique through a pulmonary artery catheter, the LiCO measurement is integrated into the PCO monitor and is quickly and easily performed. Furthermore, it requires only peripheral intravenous and arterial vascular access, both of which are commonly placed for perioperative care (22) . In several studies, lithium indicator dilution has been shown to be a reliable and accurate measure of CO and compares well with the thermodilution technique of CO measurement (17, 22) . As a calibration technique, the LiCO measurement does have a few technical limitations, including a requirement for accurate measurement of serum sodium and hemoglobin concentrations as well as a limitation on the number of calibration measurements (based on the maximal daily recommended dose of lithium of 3 mM). Lithium calibration cannot be performed in patients who have recently (15-30 mins) received neuromuscular blockers because these drugs react with the lithium sensor. In addition, the LiCO measurement cannot be used in patients receiving lithium therapy.
Other potential limitations of this study should be noted (23) . The mean PCO in this study was 5.98 L/min (range, 3.15-12.52 L/min). We do not know if PCO remains accurate at lower or higher than normal CO, although other researchers have reported no loss of agreement between pulse contour analysis and other measurement techniques at high and low COs after pharmacologic manipulation (10, 13, 15) . Additional possible causes for decreased peripheral perfusion that were not tested in our study include severe hypotension and hypothermia. Further analysis of PCO over a wide physiologic range of COs is needed to determine whether PCO, as implemented in the device studied here, remains accurate under these conditions.
Arrhythmias may make pulse contour analysis unreliable: we excluded one patient from the current study because atrial fibrillation made the arterial pressure signal too unstable for PCO measurements. The heart rate can also be miscalculated when a very deep dicrotic notch is seen in the pressure waveform. New PCO device software allows the physician to alter the electrical gain on the monitor in an attempt to overcome this problem.
Significant fluctuations in the compliance of the arterial vascular system may change the morphology of the arterial pressure waveform and affect the accuracy of pulse contour analysis. Such changes are likely to occur in the operating room or intensive care unit after surgery. The alterations in arterial waveform shape over time in a sample of six patients are shown in Figure 3 . Although some of these changes may be due to real fluctuations in CO, they are as likely to represent changes in arterial compliance and resistance. Frequent recalibration provides a simple solution but is potentially time consuming. On the basis of our data, calibration every 8 hrs is sufficient for accurate continuous PCO monitoring in the intensive care unit setting. The pressure waveform measured in the large arteries is a combination of the forward pressure wave produced by the contraction of the heart and the backward pressure wave reflected from arterial-arteriolar junctions (8) . The magnitude of wave reflection is affected by changes in arterial resistance and compliance, and ignoring this factor may explain the susceptibility of the traditional three-element Windkessel algorithm to increased measurement bias induced by changes in SVR (12) . In contrast, Linton and Linton (8) have developed a different algorithm for PCO measurement that incorporates wave reflectance and have claimed a preserved accuracy in the setting of changes in SVR. In the current study, employing the same algorithm used by Linton and Linton, we found a weak association between SVR change and the CO measurement bias: an increase in SVR tended to increase the PCO measurement relative to the LiCO value, while a decrease in SVR tended to decrease the PCO relative to the LiCO. This effect, although statistically significant, was small: a change in SVR of 600 dyne/ sec/cm 5 was predictive of a change in the measurement bias of Ͻ1 L/min. However, whenever changes in PCO prompt major alteration in patient management, recalibration would be a prudent step.
Schwid (24) has demonstrated that arterial pressure monitoring systems in clinical practice often achieve suboptimal dynamic response characteristics, with one half of them operating in the underdamped region. Our findings were similar (Fig. 4) . It was not previously known whether the performance of the arterial cathetertransducer system and the effect on the pressure signal could influence the PCO measurements. One of the important findings in this study was that the dynamic response characteristics of the arterial pressure measurement system had little effect on the agreement between PCO and LiCO. This would suggest that the characteristics of the arterial pressure transducer systems used in intensive care units do not usually have a significant effect on the accuracy of PCO, provided a clinically acceptable pressure waveform is present.
CONCLUSIONS
Continuous PCO measurement with intermittent calibration every 8 hrs agrees well with indicator dilution CO in intensive care patients. This technology provides a promising opportunity for true beat-to-beat CO measurement and can be used in patients with only a peripheral arterial catheter and intravenous access. 
